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E-mail address: karpova@niboch.nsc.ru (G.G. KarpAfter resolving the crystal structure of the prokaryotic ribosome, mapping the proteins in the
eukaryotic ribosome is a challenging task. We applied RNase H digestion to split the human 40S
ribosomal subunit into head and body parts. Mass spectrometry of the proteins in the 40S subunit
head revealed the presence of eukaryote-speciﬁc ribosomal protein S28e. Recombinant S28e was
capable of speciﬁc binding to the 30 major domain of the 18S rRNA (Ka = 8.0 ± 0.5  109 M1). We
conclude that S28e has a binding site on the 18S rRNA within the 40S subunit head.
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After the atomic structure of prokaryotic ribosome was deter-
mined a decade ago [1–4], it became a major goal to determine
the structure of a ribosome from eukaryotic species [5]. Eukaryotic
ribosomal subunits are much more complex than their bacterial
counterparts; they have longer rRNAs and a bigger set of ribosomal
proteins, some of which are unique to eukaryotes [6]. Hence, deter-
mining the ﬁne structure of the eukaryotic ribosomes by various
physical and biochemical methods is a very laborious task.
Knowledge on the RNA–protein architecture of eukaryotic ribo-
somes and especially on the topography of their proteins is very
important in modern molecular biology and molecular medicine,
since ribosomal proteins are possible targets for cellular regulatorychemical Societies. Published by E
trophoresis in the presence of
ova).factors and are used by viruses for ribosome recruitment of their
genomic RNAs during host cell infection [5,7]. Moreover, mutations
in ribosomal proteins are associated with several diseases and
these mutations may signiﬁcantly reduce the amount of mature
ribosomal subunits [8]. One of proteins whose mutations are asso-
ciated with Diamond-Blackfan anaemia is ribosomal protein S19e
[9,10]. The discovery of its location on the 40S ribosomal subunit
made it possible to position a part of these mutations in a vicinity
of the RNA-binding site in this protein [6]. The authors suggested
that these mutations disrupt critical RNA–protein interactions re-
quired for incorporation of rpS19e into pre-40S subunits, leading
to decreased production of the mature subunits [6]. The position
of S19e on the ribosome was established after docking of its crystal
structure [11] into the cryo-EM model of the 40S ribosomal sub-
unit [6]. However, this strategy may be hard to apply universally
because many ribosomal proteins have very ﬂexible structures
and are difﬁcult to crystallize [12].
Nowadays, the positions of many ribosomal proteins in the
eukaryotic ribosome are determined on the basis of positions oflsevier B.V. All rights reserved.
A.A. Malygin, G.G. Karpova / FEBS Letters 584 (2010) 4396–4400 4397their counterparts in the 30S and 50S ribosomal subunits [6,13,14].
However, the 40S ribosomal subunit has at least 13 eukaryote-spe-
ciﬁc proteins, whose positions have not been determined yet [6].
Here, we present data showing that eukaryote-speciﬁc ribosomal
protein S28e is in the head of the 40S subunit. We used an
approach based on splitting of the small ribosomal subunit to
sub-particles by RNase H hydrolysis [15], modifying the procedure
substantially. We demonstrate that recombinant human S28e has a
high afﬁnity for RNA corresponding to the 30 major domain of 18S
rRNA, which is a scaffold of the small subunit head. Comparison of
our ﬁndings with published data suggests that the position of S28e
on the 40S subunit head is in the region opposite to the platform.2. Materials and methods
2.1. RNase H hydrolysis and sucrose gradient centrifugation
40S ribosome subunits from human placenta were obtained
as in [16]. Ribosomal subunits (100 pmol) in 40 ll of buffer A
(20 mM Tris–HCl, pH 7.5, 120 mM KCl and 10 mM MgCl2) were
incubated with 15-fold excess of the oligodeoxyribonucleotides
18S-1207 (50-CGTCAATTCCTTTA-30) and 18S-1693 (50-GACGGGC
GGTGTGTAC-30) and 10 ll (50 units) of RNase H (Fermentas) at
37 C for 48 h. After the incubation, the reactionmixturewas loaded
onto sucrose gradient 10–30% in buffer A and centrifuged in SW40
rotor for 17 h at 30,000 rpm and 4 C. Gradient was fractionated
through a ﬂow cuvette of microspectrophotometer Milichrom
(Econova, Russia).
2.2. Gel electrophoretic analysis of RNA and proteins. Western blotting
Nucleotide material from the sucrose gradient fractions was
precipitated with 2 vol of ice-cold ethanol and dissolved in water.
RNA was isolated by phenol deproteination as described elsewhere
and analyzed by 4% denaturing PAGE. Proteins were analyzed by
14% polyacrylamide gel electrophoresis in the presence of SDS
(SDS–PAGE) following the dissociation of the 40S subunit sub-par-
ticles into RNA and proteins by incubation in 2% SDS containing
5 mM EDTA at 37 C for 15 min. Rabbit antisera and speciﬁc anti-
bodies against human ribosomal proteins S8e, S13e and S19e (ob-
tained by S. Vladimirov) and anti-rabbit HRP (Sigma) were used for
ribosomal protein identiﬁcation by Western blotting.
2.3. MALDI-TOF mass spectrometry
Prior to mass spectrometry, the 40S ribosomal subunits and
sub-particles were incubated in 0.1% TFA at 37 C for 10 min. A
saturated solution of sinapinic acid in 50% aqueous acetonitrile
containing 0.1% TFA was used as a matrix. Mass spectra were re-
corded using an autoﬂex III MALDI-TOF mass spectrometer (Bruker
Daltonics, Germany) equipped with a pulsed N2 laser (337 nm) in a
positive linear mode. The ﬁnal spectra were obtained by accu-
mulating about 1700 single laser shot spectra using ﬂexControl
2.4.41.0 software.
2.4. Synthesis of recombinant human ribosomal protein S28
A DNA fragment corresponding to S28e mRNA was obtained by
conventional PCR with the use of the primers S28F 50-GAGGAGC
TCATATGGACACCAGCCGTGTGCAG-30 and S28R 50-GAGAGGATCC
TCAGCGCAACCTCCGGGCTT-30 and total cDNA from human pla-
centa as a template. After BamH I and Nde I digestion, the fragment
was cloned into pET-15b (Novagen) digested at the same sites.
Recombinant S28e was obtained in BL21(DE3) Escherichia coli
strain transformed with the resulting plasmid. The cell culturewas grown at 20 C in LB medium to an OD600 of 0.5 and protein
expression was induced with 0.5 mM IPTG. After growth for 3 h,
cells were precipitated, resuspended in a buffer containing
20 mM Hepes–KOH, pH 7.6, 20 mM KCl, 5 mM 2-mercaptoethanol
and 2 mM PMSF, incubated with 100 lg/mL of lysozyme for 15 min
at 30 C, and sonicated on ice at 44 MHz. Recombinant protein
from soluble fraction was puriﬁed on Ni2+ – NTA agarose resin
(Invitrogen) as described [17]. Protein concentration was calcu-
lated by method of Bradford.
2.5. RNA transcription and nitrocellulose binding assay
A DNA template for T7 transcription was obtained by PCR using
primers 18S3DF 50-TAATACGACTCACTATAGGGACGGAAGGGCAC-
CACC-30 and 18S3DR 50-GTGTACAAAGGGCAGGGA-30 and the plas-
mid pAM18T7-2 containing human 18S rRNA gene. Labeled with
32P RNA was transcribed as in [18]. RNA–protein binding was per-
formed in buffer (20 mM Tris–HCl, pH 7.5, 100 mM KCl, 2.5 mM
MgCl2 and 0.25 mM spermidine) by incubation of components at
25 C for 1 h. Nitrocellulose binding assays were done as described
in [19]. Fragment of S13e pre-mRNA was obtained as [20].3. Results and discussion
3.1. Cleavage of the 40S ribosomal subunit into the head and body with
RNase H
The head of the 30S ribosomal subunit is formed by the 30
major domain of 16S rRNA and ribosomal proteins bound to it
[2–4,21,22]. This RNA domain folds separately [23,24] and practi-
cally does not interact with the other rRNA domains [2–4]. This
domain can be detached from the rest of the16S rRNA by cleavage
of the RNA strands between helices H27/H28 and H28/H44 [15].
We designed oligonucleotides complementary to corresponding
regions in human 18S rRNA and used these to target RNase H
digestion to the 18S rRNA in 40S subunits. Since 18S rRNA strands
might be inaccessible to complementary oligonucleotides, we
tested whether long-term incubation of the 40S subunits under
digestion conditions might be required. We found that digestion
of the 18S rRNA in the 40S ribosomal subunits reached about
20% after 2 days incubation at 37 C (Fig. 1A). With longer incuba-
tions, spontaneous degradation of the 40S subunits becomes very
signiﬁcant. To isolate the 40S subunit head parts, the reaction mix-
ture was subjected to sucrose gradient centrifugation (Fig. 1B) and
sub-particles with sedimentation coefﬁcients of 10–15S were pre-
cipitated. The RNA isolated from these sub-particles migrated in
denaturing PAGE as a single band corresponding to a length of
about 480 nt that coincided with the length of the 30 major domain
(Fig. 1D). Thus, we conclude that isolated particles are the head
parts of the 40S subunits.
3.2. The protein content of the 40S ribosomal subunit head
Gel-electrophoretic analysis of the proteins isolated from the
40S subunit head fractions showed that they contained a signiﬁ-
cantly smaller set of proteins than that in the original 40S ribo-
somal subunits (Fig. 1C). Moreover, analysis of the proteins
isolated from the sucrose gradient fractions containing a mix of
the unhydrolyzed 40S ribosomal subunits and the beheaded parti-
cles revealed that they are also depleted of some proteins (Fig. 1C).
Since SDS–PAGE does not resolve reliably all ribosomal proteins,
western blotting and mass spectrometry were applied. Immuno-
staining of three ribosomal proteins (Fig. 2E) showed that eukary-
ote-speciﬁc ribosomal protein S19e was present in both the
unhydrolysed 40S subunits and the 40S subunit head fractions,
Fig. 1. Cleavage of the human 40S ribosomal subunits by RNase H. (A) RNA isolated from the 40S subunits before (lane 2) and after (lane 3) RNase H cleavage and resolved by
4% PAGE; an RNA transcript of 400 nt as marker (lane 1). The full-length 18S rRNA and the product of cleavage of about 480 nt are noted by arrows. (B) Sucrose gradient of the
40S ribosomal subunits after RNase H cleavage. Peaks of the 40S subunits and the head particles are signed. (C) Proteins isolated from the untreated 40S subunits (lane 1) and
from sucrose gradient fractions ‘‘40S” (lane 2) and ‘‘head” (lane 3) (see panel B) resolved by 14% SDS–PAGE. (D) RNA isolated from sucrose gradient fractions ‘‘40S” (lane 1)
and ‘‘head” (lane 2) (see panel B) resolved by 4% PAGE. Arrow notes a product of cleavage corresponding to the 30 major domain of 18S rRNA. The RNA length marker is signed.
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unhydrolysed 40S subunits. Ribosomal protein S13e was not found
in either fraction, although it had been present in the 40S subunits
prior to the incubation with RNase H, suggesting that the protein
dissociated during incubation.
To determine the proteins present in the head of the 40S ribo-
somal subunit, we analyzed the total protein in the head particles
by MALDI-TOF mass spectrometry and compared the spectrum
obtained with that of total protein from untreated 40S ribosomal
subunits (Fig. 2A–D). Because of poor resolution of spectra with
proteins of molecular masses in the range above 20 kDa (dataFig. 2. Identiﬁcation of the protein content of the 40S subunit head. (A and B) MALDI-TO
and D) MALDI-TOF mass spectra of the proteins isolated from the head particles of the 40
(E) Western blot analysis of human ribosomal proteins S8, S13 and S19 in the untreated 4
2), and in the 40S subunit head particles (lanes 3).not shown), only the proteins with molecular masses below
20 kDa were reliably identiﬁed. We found that the 40S head
particles contain proteins that have prokaryotic counterparts
and whose afﬁliation to the 40S subunit head had been estab-
lished (S14e, S16e and S29e) [6] as well as eukaryote-speciﬁc
proteins S19e and S28e. The location of S19e on the 40S subunit
head was reported recently [6], but this is the ﬁrst report show-
ing afﬁliation of S28e to the 40S subunit head. Ribosomal protein
S28e is one of the smallest ribosomal proteins. Its molecular
weight determined by us (7884 Da) is practically coincident with
its weight found earlier (7882 Da) [25] and with its formulaF mass spectra of the proteins isolated from the 40S subunit of human ribosome. (C
S ribosomal subunit. The MH+ peaks corresponding to ribosomal proteins are signed.
0S ribosomal subunits (lanes 1), in the 40S subunits after RNase H treatment (lanes
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tion of the initial methionine residue in S28e was described ear-
lier [26].
3.3. Binding of recombinant ribosomal protein S28e to the 18S rRNA
major 3-terminal domain
To check the reliability of our attribution of S28e to the 40S sub-
unit head, we tested the speciﬁcity of binding of recombinant hu-
man S28e to the 30 major 18S rRNA domain. Recombinant human
S28e was obtained in E. coli expression system and puriﬁed to
about 95% (Fig. 3A). Binding of the protein to 32P labeled RNA tran-
scripts corresponding to the 30 major domain of human 18S rRNA
(498 nt) and to a fragment of pre-mRNA of human ribosomal pro-
tein S13e (253 nt) was performed in a buffer containing low
(2.5 mM) concentration of Mg2+ under conditions of high protein
excess over RNA. Protein binding was detected by nitrocellulose ﬁl-
tration assay. It was found that S28e has a high afﬁnity to the 30
major 18S rRNA domain and binds to the rRNA transcript with
apparent association constant (Ka = 8.0 ± 0.5  109 M1), which is
in order of magnitude higher than that with the unspeciﬁc tran-
script (Fig. 3B), indicating speciﬁc binding of S28e to the 30 domain
of 18S rRNA.
3.4. Position of S28e on the 40S subunit head
The head of the 40S ribosomal subunits contains seven ribo-
somal proteins that have bacterial homologues: S3e (S3p), S5e
(S7p), S16e (S9p), S15e (S19p), S20e (S10p) and S29e (S14p) [6].
As for eukaryote-speciﬁc ribosomal proteins, so far only S19e had
been found to bind to the subunit head [6]. However, cryo-EM of
mammalian 40S subunits shows the presence of additional protein
densities unassigned to any ribosomal protein in the subunit head,
suggesting the presence of other eukaryote-speciﬁc proteins [13].
According to our data, one of them could be assigned to ribosomal
protein S28e. Moreover, we also suggest that eukaryote-speciﬁc
protein S8e is not located on the head of the subunit but is on
the body, because this protein was not detected in the 40S subunit
head particles by Western blotting (Fig. 2E).Fig. 3. Binding of ribosomal protein S28e to an RNA transcript corresponding to the
30 major domain of 18S rRNA. (A) Puriﬁed recombinant human S28e (lane 2) and
protein weight marker (lane 1) resolved by 14% SDS–PAGE. (B) Binding of
recombinant S28e to an RNA transcripts corresponding to the 30 major domain of
18S rRNA (circles) and to a fragment ribosomal protein S13 pre-mRNA (squares).According to cross-linking data with a 40S initiation complex
containing thio-U bearing mRNA, protein S28e is in close proximity
to mRNA position -6, which is also close to proteins S26e and S14e
[27]. The latter occupies a position on the platform of the body of
the subunit where the mRNA exit site is located [6,13]. Therefore,
S28e could occupy a position corresponding to an unaccounted
protein density on the subunit head close to the platform [6].
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